Using the results of photometry applied to speckle image reconstructions of the triple stellar system LHS1070 in the near infrared, we compare quantitatively the performance of shift-and-add and bispectrum image reconstruction methods and find that comparable results can be obtained. It is also found that, within this regime, compensation of the bispectrum transfer function is necessary to prevent telescope aberrations from appearing within bispectrum image reconstructions. The effective point-spread functions of these aberrations have been calculated with phase data obtained from the stellar calibration source.
INTRODUCTION
It is well known that atmospheric turbulence limits the resolution available to ground-based astronomical observations to 0.5 -1.0 seconds of arc (arcsec) in the near infrared. The advent of speckle interferometry in the 1970's 1 has allowed the recovery of diffraction-limited Fourier modulus information of astronomical objects of interest to be attempted routinely. A number of methods have since been proposed to obtain diffraction-limited Fourier phase information and thus image recovery. In the visible, where the ratio of the telescope diameter to the atmospheric coherence length ͑D͞r 0 ͒ is large, it is now generally accepted that phase recovery from the average image bispectrum (or, equivalently, the triple correlation) appears to be the most successful. 2 -6 However, in the infrared, where D͞r 0 is typically small (e.g., D͞r 0 Ӎ 8 typically for a 4-m-diameter telescope at l 2.2 mm), the advantages of phase recovery by means of the bispectrum over more simplistic methods performed in the image plane are less clear. For example, the shift-andadd (SAA) method 7 -9 is far less computationally intensive and yet does appear to be able to deliver images that are very close to being diffraction limited. These images are in general distorted for large D͞r 0 , comprising a small diffraction-limited core enclosed within a diffuse background. However, for small D͞r 0 this background is greatly reduced, and the core feature dominates. Furthermore, the signal-to-noise ratio of SAA images tends to be relatively high and increases as the root of the number of speckle frames used increases.
It is the purpose of this paper to show the advantages of using various methods of image recovery, and a detailed comparison of the SAA method and the bispectrum methods in the near-infrared regime is presented. Note that a comparison of the SAA method and the Knox -Thompson method has been made previously by Christou.
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To permit a quantitative comparison, this study is based on the analysis of photometric results obtained from two sets of speckle image reconstructions of the triple stellar system LHS1070. This particular stellar system is also of intrinsic interest because it contains components that are possible brown dwarf candidates. 
OBSERVATIONS AND DATA ACQUISITION
The speckle data were obtained with the infrared camera (IRCAM3) positioned at the Cassegrain focus of the 3.8-m United Kingdom Infrared Telescope (UKIRT) situated at Mauna Kea in Hilo, Hawaii. The 128 3 128 data frames [obtained by reading of a subarea of the 256 3 256 Indium Antimonide array (Santa Barbara Research Corporation)] were recorded at 30 frames͞s onto 1.4-Gbyte optical disks by a transputer-based data acquisition system. Speckle observations of various stellar objects were made between 28 July and 3 August 1994, primarily at K-band wavelengths ͑2.2 mm͒. The image scale at the camera was 0.057 arcsec͞pixel, corresponding to sampling at the Nyquist rate, and the exposure time for each frame was Ӎ 30 ms. During each typical observation cycle 2000 -3000 frames were recorded of both the object of interest and a calibration source, and this cycle was repeated several times for each object. In total, some 10 Gbytes of data were collected during this observation run.
DATA REDUCTION
Prior to processing of the data frames, electronic bias was subtracted, flat fielding was performed, and known bad pixel values were replaced through local averaging. During the processing of each data set the average power spectrum, the bispectrum, and the SAA image were evaluated. An estimate of r o for each frame was also made from the width of the low-frequency seeing spike present within the individual power spectra, along a direction perpendicular to the extent of the source, thus allowing high signal-to-noise ratio speckle frames to be identified. However, for the data shown here, no form of binning or clipping of the data with respect to the r o values was deemed necessary. The Fourier modulus of each object of interest was obtained by the basic speckle interferometric technique of Labeyrie, 1 and the Fourier phase was calculated from the bispectrum by an errorweighted recursive method. 12 Note that other phase recovery techniques by means of the bispectrum have been shown to perform well-most notably the least-squaresfit approach. 13, 14 However, for the purposes of this study, we are confident that the approach taken here will perform equally well.
Because of the combined effects of the wide wave bands used (ϳ 400 nm) and the low D͞r o values observed (see Fig. 2 ), it is possible that our data suffered a loss in speckle signal as a result of chromatic dispersion. However, although some attenuation of the speckle transfer function may have been present in our data, we believe that this has had negligible effect on our results. Figure 1 shows the bispectrum image reconstruction and the SAA image obtained from one particular data set of 2000 speckle frames of the stellar system LHS1070 in the K band. In Fig. 2 , histograms for the estimated r o values for the data are given. Before comparing quantitatively the sets of images obtained of this object by these methods, we explored a number of further processing steps, and these are discussed below.
A. Compensation of the Bispectrum Transfer Function
When generating a bispectrum image reconstruction it is normally assumed that compensation of the phase of the bispectrum transfer function (BTF) is unnecessary if D͞r o is very large (as is the case in the visible.) 15 Consequently, the BTF can be considered noncomplex, and thus such aberrations have a negligible effect on the bispectrum phase and therefore ultimately on the reconstructed phase of the object of interest. However, in the regime considered here, D͞r o is typically less than 10, and therefore the assumptions made regarding the need to perform compensation of the BTF phase do not apply. Evidence for the effects of telescope aberrations leaking into the BTF calculated from our data is given in Fig. 3 , which shows the reconstructed phase of a stellar point source used as a calibration object. Because atmospheric effects average to zero in the BTF phase for a large enough data set, the reconstructed Fourier phase of the calibration object should also be approximately zero for a perfect telescope pupil. 15 Clearly this is not the case, and therefore compensation for both the modulus and the phase of the BTF is considered to be essential when performing bispectrum phase reconstruction within this regime to remove the effect of telescope aberrations in the final image. Figure 4 shows the bispectrum image reconstruction obtained with BTF compensation from which a clear improvement in image quality is obtained when compared with the original bispectrum image reconstruction shown in Fig. 1 .
In Appendix A we describe a method for calculating the effective point-spread function from the recovered pointsource phase data.
B. Removal of Residual Flat-Fielding Effects in the Compensated Bispectrum Image Reconstructions
Although improved on, the compensated bispectrum image reconstruction still appears to show rippling effects away from the central objects. This is due primarily to a pattern of spikes present within the Fourier modulus of the bispectrum image (Fig. 5 ). This effect itself is suspected to originate from a second-order, residual flat-fielding pattern that remains after the preprocessing stage and is a characteristic of the infrared camera.
For this particular study these effects are of little concern; however, for future research it may become necessary to remove these to allow, for instance, fainter objects to be identified or accurate lower levels to be calculated. Perhaps because of the smoothing effects of the phase recovery algorithm, the Fourier phase obtained from the bispectra appears uncontaminated by these features, and thus, rather than attempting the removal of each feature in the modulus by some form of local averaging, we experimented with iterative modulus recovery. Figure 6 shows a flow diagram of the algorithm used for this purpose and is similar to that proposed by Hayes et al. 16 for the recovery of modulus information from the Fourier phase of an object. The first image estimate used was the contaminated bispectrum image. During each cycle the current image estimate is Fourier transformed, and the resulting phase is replaced by the (uncontaminated) phase calculated from the bispectrum. This is then inverse Fourier transformed, and image constraints are applied. This process consists of replacing all the negative values, as well as all those values outside a predetermined support area, with zero. This procedure is then repeated until the average power of all the values replaced within the image plane becomes negligible compared with the average power of the whole image. For this particular object, this situation occurred after only 20 or so iterations. Fig. 5(a) . FFT, fast Fourier transform. The improvement in the Fourier modulus is shown in Fig. 7 , which appears quite striking, and Fig. 8 shows the corresponding image that one obtains; the reduction in the rippling effect is clear. The rapid convergence of the algorithm is due no doubt to the close proximity, in solution space, of the first-guess image to the global solution. This fact also gives one confidence in the unambiguousness of the final solution.
C. Deconvolution of Shift-and-Add Images
Because of the small value of D͞r o for this particular data set, the SAA images that we obtained show considerably less distortion than one normally obtains in the visible regime. For example, the Fourier spectrum of the SAA image shown in Fig. 1 indicates that information up to 3͞4 of the diffraction limit of the telescope is available. However, because the SAA distortion skirt of each object overlaps those of the others, the application of simple aperture photometry to these images is difficult. In an attempt to remove the remaining distortion, deconvolution of these images with the SAA image of the calibration source was performed. We are at present concerned only with obtaining diffraction-limited images, and therefore the resulting deconvolved Fourier spectrum was multiplied by an idealized telescope transfer function consistent with the aperture size and the obstruction ratio for UKIRT. The resulting image is shown in Fig. 9 , which appears to compare very well with those obtained from the bispectrum reconstructions.
RESULTS AND DISCUSSION
To compare quantitatively the three forms of image obtained (namely, the unsmoothed and the smoothed compensated bispectrum images and the deconvolved SAA images), aperture photometry was performed on each with the same software package (STARLINK / PHOTOM). Tables 1 -3 Qualitative evidence for an actual improvement in image quality with SAA methods over those with the bispectrum is given in Fig. 10 . This compares a deconvolved SAA image with a BTF-compensated bispectrum image reconstruction obtained in the H band ͑l 1.6 mm͒. As in the previous case, both images were obtained from the same set of 2000 speckle frames. Here the increased photon noise at this wave band, which is due to a fourfold reduction in brightness, has become comparable with the camera read-out noise (Ӎ70e 2 rms). This, combined with a decrease in the estimated mean r o value to approximately 35 cm, appears to have lowered the total signal-to-noise ratio of the data set to a point at which the bispectrum phase recovery algorithm generates only noise beyond approximately 1͞3 of the theoretical diffraction limit. However, although almost twice as large as that for the previous case, the mean D͞r o value is still sufficiently low to allow a fully deconvolved SAA image to be calculated.
In conclusion, a number of points are worth noting. First, if we are performing bispectrum image reconstruction methods in the near infrared, compensation of the BTF (as well as the speckle transfer function) appears to be necessary to prevent telescope aberrations from appearing in the final image. Smoothing of the Fourier modulus to remove residual flat-fielding effects in the manner described here does appear to improve the general image quality without affecting the photometry of the image; this is not always the case when one is smoothing images with phase recovery algorithms. 12 If we are performing speckle imaging on point-source objects in the near infrared, the above results give us confidence that we can obtain consistent photometric results by using the SAA techniques, which are much less computer intensive. However, note that this is not necessarily the case when one is observing extended objects. 17 Also, if objects of a similar magnitude are being observed, care must be taken to prevent the SAA algorithm from confusing the secondary peak with the primary and thereby producing ghost images, which can severely affect the photometric accuracy.
APPENDIX A: ESTIMATION OF THE EFFECTIVE TELESCOPE POINT-SPREAD FUNCTION
Assuming linear, locally spatially invariant, incoherent imaging, the nth speckle image i n ͑x͒ can be expressed as the convolution of the object o͑x͒ and the instantaneous speckle point-spread function p n ͑x͒, such that
In the Fourier domain this can equivalently be expressed as where T n ͑u͒ is the combined telescope instantaneous atmospheric transfer function. The average bispectrum of N such images is given as
where the bispectrum transfer function (BTF) is
If one can assume that atmospheric turbulence is severe, such that ͑D͞r o ͒ . . 1, and that therefore telescope aberrations are negligible across r o scale sizes within the telescope pupil, this term reduces to 1, which is dependent on only the shape of the pupil and the value of ͑D͞r o ͒.
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Under this assumption therefore the phase reconstructed from the BTF [i.e., the phase of the telescope optical transfer function (OTF)] is zero. However, as discussed in Subsection 3.A, for our data sets this is not the case, and so some degree of telescope aberration appears to be present within the BTF. One can use this phase information to obtain the effective point-spread function of the bispectrum image reconstruction process, in the presence of these telescope aberrations, within this particular regime.
To generate the effective OTF one also of course requires the modulus of the OTF. However, one is unable to calculate this quantity directly by using the basic speckle interferometry technique, inasmuch as the average power spectrum of a point source is itself the speckle transfer function, which is normally used to filter out atmospheric contributions to the power spectrum.
To circumvent this problem, the modulus recovery algorithm described in Subsection 3.B was used to attempt to derive iteratively the aberrated modulus of the OTF. This time the phase constraint applied in the Fourier domain was the measured OTF phase, and the first image estimate for the algorithm was the inverse transform of the Fourier spectrum formed by a combination of the measured OTF phase with an idealized model OTF modulus for the UKIRT.
For the three data sets considered, the algorithm appeared to converge very rapidly after only ten or so iterations (as defined in Subsection 3.B). In Fig. 11 the resulting point-spread functions obtained are compared with the idealized point-spread function for the UKIRT. The general shape of these figures indicates a strong contribution from coma, which appears to confirm the sensitivity of the BTF phase to odd-order aberrations, as suggested by theoretical studies. 15, 19 Alternatively, the SAA method is affected by all the residual telescope aberrations. The derived point-spread functions shown in Fig. 11 also appear reasonably stable over the time period of these observations, with a Strehl ratio of approximately 0.6. However, this value probably represents an upper limit because, if even-order aberrations are excluded, then the true value of the Strehl ratio will be lower than 0.6.
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